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Contribution of serine, folate and glycine metabolism
to the ATP, NADPH and purine requirements of cancer
cells

PM Tedeschi'?, EK Markert', M Gounder?, H Lin?, D Dvorzhinski', SC Dolfi', LL-Y Chan®, J Qiu®, RS DiPaola', KM Hirshfield',
LG Boros*, JR Bertino'2, ZN Oltvai® and A Vazquez*®’

Recent observations on cancer cell metabolism indicate increased serine synthesis from glucose as a marker of poor prognosis.
We have predicted that a fraction of the synthesized serine is routed to a pathway for ATP production. The pathway is composed
by reactions from serine synthesis, one-carbon (folate) metabolism and the glycine cleavage system (SOG pathway). Here we
show that the SOG pathway is upregulated at the level of gene expression in a subset of human tumors and that its level of
expression correlates with gene signatures of cell proliferation and Myc target activation. We have also estimated the SOG
pathway metabolic flux in the NCI60 tumor-derived cell lines, using previously reported exchange fluxes and a personalized
model of cell metabolism. We find that the estimated rates of reactions in the SOG pathway are highly correlated with the
proliferation rates of these cell lines. We also observe that the SOG pathway contributes significantly to the energy requirements
of biosynthesis, to the NADPH requirement for fatty acid synthesis and to the synthesis of purines. Finally, when the PC-3
prostate cancer cell line is treated with the antifolate methotrexate, we observe a decrease in the ATP levels, AMP kinase
activation and a decrease in ribonucleotides and fatty acids synthesized from [1,2-'3C,]-D-glucose as the single tracer. Taken
together our results indicate that the SOG pathway activity increases with the rate of cell proliferation and it contributes to the
biosynthetic requirements of purines, ATP and NADPH of cancer cells.
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Cancer cells manifest metabolic alterations that distinguish
them from cells in normal tissues, ' which could be exploited
for anticancer therapy.® Both cancer and normal cells rely on
glycolysis and oxidative phosphorylation in the mitochondria
for energy generation. Oxidative phosphorylation (OxPhos)
has a larger energy yield and it is the major pathway in normal
cells under normal oxygen tension. However, as first noted by
Otto Warburg, cancer cells growing in normal oxygen
conditions have an increased rate of glycolysis compared
with normal cells (the Warburg effect).*

The fate of increased glucose uptake in cancer cells is a
subject of intense research. As noted by Warburg, a
significant portion of the consumed glucose is converted to
lactate, which is then excreted to the extracellular medium.*
The glycolysis flux can also be diverted from the glycolysis
intermediate 3-phosphoglycerate toward serine synthesis, as
first demonstrated in lymphomas.® More recently, it has been

reported that the flux toward serine synthesis is upregulated in
breast cancer®” and melanoma.® Studies in melanoma also
revealed that a significant portion of the serine produced is
converted to glycine.® Glycine can then enter the glycine
cleavage (GC) system, where it is converted to ammonium
and methylene tetrahydrofolate (THF), the coenzyme for
thymidylate synthesis.® More recently glycine metabolism has
also been shown to be upregulated in non-small cell lung
cancers®'° and highly proliferating tumor-derived cell lines. "

In parallel to these experimental discoveries, we have
recently developed a large-scale model of human cell
metabolism that has provided new insights into the advan-
tages of metabolic alterations in cancer cells.'>™'* We have
shown that glycolysis has a higher rate of ATP production per
mass of pathway enzymes than OxPhos.'®"® Thus, at high
proliferation rates, when the cytosol is overcrowded with
ribosomes and metabolic enzymes, glycolysis is more
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Figure 1 The serine, one-carbon cycle, glycine synthesis (SOG) pathway. Schematic representation of the reactions involved in the SOG pathway, including serine
synthesis (green), one-carbon cycle (red) and GC (blue) and the crosstalk with other pathways. The reaction directions are deduced from the inferred fluxes in the NCI60 panel

of tumor-derived cell lines (see text for details)

efficient than OxPhos for ATP generation, providing a
potential explanation to the evolutionary origin of the Warburg
effect. Our model has also predicted that cancer cells can
direct their glucose uptake toward a third ATP producing
pathway, involving reactions from serine synthesis, one-
carbon metabolism and the GC system (SOG pathway,
Figure 1).'* The SOG pathway is predicted to be particularly
active in tumor cells with decreased pyruvate kinase activity.
The relevance of this prediction is underscored by the
observation that the pyruvate kinase isoform expressed in
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most cancer cells (PKM2) can exist in both an active
tetrameric form and an inactive dimeric form.5:'®

Here we provide additional evidence for the activity of the
SOG pathway in a subset of human cancers. To this end we
interrogate gene expression profiles for different cancer types
and metabolic fluxes for the NCI60 panel of cancer cell lines.
We also investigate the SOG pathway inhibition by the
antifolate methotrexate, focusing on signatures of energy
stress and changes in metabolic fluxes using a targeted tracer
fate association study (TTFAS).'7:'8



Results

The predicted SOG pathway. The predicted pathway' is
depicted in Figure 1. It includes the synthesis of serine from
3-phosphoglycerate with the concomitant conversion of
glutamate into «-ketoglutarate (Figure 1, serine synthesis).
Serine is then converted to glycine by the cytosolic serine
hydroxymethyltransferase  (SHMT1) with concomitant
conversion of THF into 5,10-methylene-THF (CH,-THF).
Alternatively, serine can be transported to the mitochondria
where it can be converted to glycine by the mitochondrial
serine hydroxymethyltransferase (SHMT2). Glycine can be
excreted or enter the cleavage system, where it is converted
to ammonium with the concomitant conversion of another
THF molecule into CH,-THF (Figure 1, GC). CH,-THF can
be transformed back to THF either in the cytosol or in the
mitochondria with the concomitant generation of two ATPs
(Figure 1, one-carbon cycle). In the cytosol this is carried
out by the tri-functional enzyme MTHFD1, with CH,-THF
dehydrogenase = (NADP  dependent), 5,10-methenyl-
THF (CH™-THF) cyclohydrolase and 10-formyl-THF (CHO-
THF) synthetase activities.'® In the mitochondria, these
activities are partitioned between MTHFD2, with CH,-THF
dehydrogenase (NAD dependent) and CH™-THF cyclohy-
drolase activities;>® MTHFD2L, with CH,-THF dehydrogen-
ase (NADP dependent);?' and MTHFD1L, with CHO-THF
synthetase activity.??

Excluding cofactors (NAD *, glutamate, NADP * and ADP)
and products (NADH, a-ketoglutarate, NADPH, CO,, NH,",
formate and ATP), this pathway is stoichiometrically balanced
and produces two ATPs per molecule of 3-phosphoglycerate,
four ATPs per molecule of glucose. The ATP producing step is
catalyzed by the reverse CHO-THF synthetase activity of
MTHFD1 or MTHFD1L. Kinetic modeling of the one-carbon
cycle demonstrates that operation of this cycle in the ATP
direction is thermodynamically feasible.'* We also note that
imported serine can also be utilized to run the one-carbon
cycle, with a yield of two ATPs or one ATP per molecule of
serine, depending on whether glycine is or is not cleaved,
respectively. Similarly, glycine imported from the environment
can be utilized to run the one-carbon cycle as well, with a yield
of one ATP per molecule of glycine.

Intermediate metabolites of the SOG pathway crosstalk
with other pathways as well (Figure 1, cyan-colored lines).
Serine and glycine are utilized for protein synthesis and
glycine is required for purine synthesis as well. CH,-THF is
required for thymidylate (dTMP) and methionine (Met)
synthesis, and CHO-THF is required for the de novo synthesis
of purines (IMP). Finally, the NADP *-dependent CH,-THF
dehydrogenase activities of MTHFD1 and MTHFD2L may
contribute to the NADPH production in the cytosol and the
mitochondria, respectively.?®

SOG pathway gene expression in human cancers. To
investigate whether the SOG pathway is expressed in human
cancers, we performed gene signature analyses across
several cancers. The genes associated with this pathway are
PHGDH, PSAT1 and PSPH encoding their respective
enzymes involved in serine synthesis, SHMT1, SHMT2,
MTHFD1, MTHFD2, MTHFD2L and MTHFD1L encoding
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their respective enzymes involved in the one-carbon cycle,
and GCSH, DLD, GLDC and AMT encodingthe H,L,Pand T
proteins of the GC system, respectively (Figure 1). These
genes were compiled into a gene signature that we then used
to interrogate their expression across cancers. To quantify
the prevalence of this signature in human cancers, we
performed a gene set enrichment analysis (GSEA).2* For
each sample analyzed, GSEA reports a score and a
statistical significance (p) for upregulation and downregula-
tion of the gene signature.

As shown in Figure 2, the gene signature scores
capture the concordant overexpression or under-expression
of the pathway genes in the samples analyzed. It is evident
that there is a subset of breast- (Figure 2a) and prostate
cancers (Figure 2b) where most genes in the SOG pathway
are highly expressed, resulting in a significant expression of
the SOG gene signature. Extending this analysis to other
cancer types, we observe that about 28% of lung-, 19% of
breast-, 9% of prostate-, 30% of colorectal-, 23% of
brain- and 21% of ovarian cancers manifest a significant
upregulation (P<0.05) of the SOG pathway gene signature
(data not shown).

Next, we investigated the association of the SOG pathway
gene signature with markers of poor prognosis. In breast
cancers, the SOG pathway signature is significantly corre-
lated with proliferation (Pearson Correlation Coefficient,
PCC=0.62, statistical significance P=1 x 10*6), Myc gene
expression (PCC=0.64, P=1x 10~ °), a gene signature of
Myc targets expression (PCC=0.58, P=1x107)
(Figure 2a) and estrogen receptor-negative (ER —) status
(PCC=0.46, P=1 x 107®), known markers of poor prognosis
in breast cancer.®®?® In prostate cancers, the pathway
signature is also positively correlated with markers of
malignancy, including proliferation (PCC=0.38, P=1 x 1079),
marginally with Myc gene expression (PCC=0.16,
P=13x10"%), Myc targets expression (PCC=0.44,
P=3x10"° (Figure 2b), TMPRSS2-ERG fusion
(PCC=0.34, P=1 x 107°) and Gleason score (PCC=0.18,
P=1x107%). Finally, in a pooled analysis of 3947 samples
from multiple cancer types, we corroborated the association of
the pathway signature with increased proliferation
(PCC=0.50, P=2x107%) and the gene signature of Myc
targets expression (PCC=0.49, P=2 x 107).

Taken together these data indicate that the expression of
the SOG pathway genes is correlated with gene signatures of
cell proliferation and Myc activation in human cancers. This
observation is in agreement with previous work analyzing
in vitro data for tumor-derived cell lines'" and a mouse model
of Myc driven tumor formation in the liver."*2” Furthermore,
we recall that Myc amplification and/or overexpression
are common events in human cancers,?® which would explain
the correlation between Myc gene expression, Myc targets
gene expression (including SOG pathway genes) and
proliferation.

SOG pathway gene expression in embryonic stem
cells. The metabolic alterations characteristic of cancer
cells are often observed during embryonic development as
well.2° Thus, we hypothesized that the SOG pathway may be
active in embryonic stem cells. To test this hypothesis,
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Figure 2 Expression of genes encoding for enzymes in the SOG pathway in human cancers, differentiated cells and embryonic stem cells. Expression of genes encoding
for enzymes in the SOG pathway (rows) across (a) breast and (b) prostate cancer patients (columns), based on data from®® and,?" respectively. The top rows display the SOG
pathway, Myc target activation and proliferation gene signature upregulation scores as quantified by GSEA, together with the Myc gene expression. Blue color denotes under-
expression and red color represents overexpression. The upper bar indicates the subset of tumors, where the SOG pathway signature is significantly downregulated (P < 0.05,
down), intermediate or significantly upregulated (P<0.05, up). (¢) Expression of genes encoding for enzymes in the SOG pathway in human embryonic and differentiated
normal cells, based on data reported in.*° (d) Expression of genes encoding for enzymes in the SOG pathway during differentiation of mouse R1 embryonic stem cell, based
on data reported in.%2 The samples are labeled by the day from initiation and by the condition used: embryonic body (EB) formation in non-adherent plastic dishes, gelatin
coated plates (GEL) and matrigel coated plates (MAT). The white squares represent missing expression data

Cell Death and Disease



we analyzed reported gene expression profiles for embryonic
and differentiated cells.3° We observe that most genes in the
SOG pathway are highly expressed in embryonic stem cells
and embryonic bodies relative to differentiated cells
(Figure 2c). We also observe some differences regarding
the genes MTHFD1 and MTHFD2 encoding for the cytosolic
and mitochondrial one-carbon metabolism enzymes, respec-
tively. The expression profiles indicate that the mitochondrial
isoenzyme is overexpressed in embryonic cells, whereas the
cytosolic isoform is overexpressed in leukocytes and stromal
cells (Figure 2c). Finally, in the case of PSPH there is not a
significant difference between embryonic and differentiated
cells (Figure 2c), suggesting that this enzyme is not
responsible for the regulation of the activity of the SOG
pathway at the gene expression level. We also observe that
upregulation of the SOG pathway genes coincides with
upregulation of gene expression signatures for Myc targets
activation and increased proliferation. The former is consis-
tent with the fact that many of the SOG pathway genes are
Myc targets (PHGDH, PSPH, SHMT1, MTHFD1, MTHFD2
and GCSH'*3") and the latter with the fact that embryonic
stem cells manifest high proliferation rates. These observa-
tions are corroborated by the analysis of a second data set
reporting gene expression profiles during differentiation of a
mouse embryonic stem cell.* Following the time course of
differentiation, we observe that the SOG pathway genes are
upregulated in the initial steps of embryonic development
(Figure 2d, Day 0-3). In contrast, the SOG pathway genes
are downregulated following differentiation (Figure 2d, Day 5
and 7). As in the previous case, we confirm that the
upregulation of SOG pathway genes coincides with the
upregulation of signatures for Myc targets activation and
increased proliferation.

We note that the gene encoding for dihydroproline
dehydrogenase (DLD in humans and DId in mouse) manifests
an opposite pattern compared with the other genes, that is, it
is downregulated in embryonic cells and upregulated in
differentiated cells. This gene encodes for the L protein of
the GC system. The L protein is also a component of the
pyruvate dehydrogenase® and the a-ketoglutarate dehydro-
genease®* complexes, two key enzymes of the TCA cycle.
The gene expression data indicate that the expression of
dihydroproline dehydrogenase correlates more with its func-
tion as a component of the TCA cycle than the GC system. We
also note that DLD is one of the exceptions of the SOG
pathway genes that are not annotated as Myc targets.

Although the Myc activation signature is upregulated in
embryonic stem cells and downregulated in differentiated
cells, the gene expression of Myc itself is not associated with
the differentiation status during embryonic development
(Figures 2c and d). The absence of a consistent correlation
between the Myc gene expression and the expression of Myc
targets suggests a post-translational mode of Myc regulation.
Post-translational regulation of Myc has been observed in
differentiated muscle cells, through the proteolytic cleavage of
the Myc protein by calcium-dependent calpains in the
cytosol.®® Thus, in embryonic stem cells Myc is likely activated
at the post-translational level, resulting in an increased
expression of Myc target genes (including SOG pathway
genes) and increased proliferation.
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SOG pathway inferred metabolic fluxes in tumor-derived
cell lines. To investigate the correlation between the SOG
pathway activity and proliferation at the level of metabolic
fluxes, we next investigated previously reported exchange
fluxes for the NCIB0 panel of tumor-derived cell lines."’ We
developed ‘personalized” metabolic models to infer the
internal metabolic fluxes that are consistent with the reported
exchange fluxes (Supplementary Methods). The personali-
zation to each cell line included the doubling time, the cell
volume and the DNA content. The model was validated at
two different levels. At the total protein content level, the
model predicted that protein content for each cell line is in
good agreement with the measured value (Supplementary
Methods, Supplementary Figure S1). At the level of each
reaction, we compared the model predicted flux with the
expression of proteins that are part of the enzyme complex
catalyzing the reaction. The protein expression values were
obtained from a recent proteomic analysis of the NCI60 cell
lines.®® A total of 1578 proteins were linked to reactions in the
metabolic model based on the BiGG database annotations®”
(Supplementary Table 1). In 41% of the cases there is an
agreement between the protein being expressed and the
associated reaction found active in one or more cell lines.
This group is enriched for metabolic pathways associated
with the central metabolism, including glycolysis, OxPhos,
serine, glycine and folate metabolism (Supplementary
Table 2, Type 1). In 7% of the cases there is also an
agreement between the protein not being expressed and the
associated reaction not found active in any cell line
(Supplementary Table 2, Type 4). In contrast, in 51% of
the cases the protein is detected in one or more cell lines but
the model predicts a zero flux for the associated reaction in
all cell lines (Supplementary Table 2, Type 3). This group is
enriched for pathways associated with the metabolism of
fatty acids and some amino acids, and with reactions taking
place in the lysosome and peroxisomes (Supplementary
Table 2, Type 3). These are areas were the model will require
future improvements. Finally, in just 2% of the cases the
protein is not detected in any cell line but the model predicts a
non-zero flux for the associated reaction in at least one cell
line (Supplementary Table 2, Type 2).

Among the instances where the protein was detected
and the reaction was found active the protein is detected in
one or more cell lines but the model predicts a zero flux for
the associated reaction in all cell lines (Supplementary
Table 2, Type 1), in 9% of the cases there is a significant
correlation (P<0.05) between the protein expression and
the reaction flux for each cancer cell line. This is a
reasonable value given that each protein can be part of an
enzymatic complex whose final expression is a non-trivial
function of the expression of its components. For example,
the expression of only one (out of 11, 9%) and only two
(out of 30, 7%) subunits of ATP synthase and NADH
dehydrogenase, respectively, correlates with their predicted
reaction rates (Supplementary Table 1). Furthermore,
reaction rates may be controlled by post-translational
regulation, metabolite concentrations and the rate of the
associated metabolic pathway.®® For example, metabolic
control analysis indicates that, in highly proliferating cells,
serine synthesis from 3-phosphoglycerate is controlled by

o
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Figure 3 Metabolic fluxes as a function of the proliferation rate. (a—i) Estimated metabolic fluxes of reactions in the SOG pathway are shown as a function of the
proliferation rates of cell lines. Each point/error bar represents a cell line in the NCIB0 panel. The point represents the median over the range of model kinetic parameters
explored, and the error bars represent the 90% confidence intervals. The dashed lines are linear fits. Panels (b and ) report exchange fluxes as measured in."" These fluxes
are fixed in the personalized models and, therefore, they do not display error bars due to variations in the model kinetic parameters

the serine demand rather than the specific expression levels
of each enzyme on the pathway.*®

Using these personalized metabolic models, we have
estimated the fluxes of reactions in the SOG pathway. To
avoid biases due to cell size variations across the NCI60
panel, we have normalized fluxes by cell volume. The
estimated fluxes of reactions in the SOG pathway are highly
correlated with proliferation rates (Figure 3). Specifically, the
flux of serine synthesis from 3-phosphoglycerate exhibits a
positive correlation with the proliferation rate (PCC=0.24,
P=0.034, Figure 3a). The serine synthesized from glucose
together with that imported from the culture media (Figure 3b)
are in part converted to glycine via a SHMT activity, in a
magnitude that increases with increasing the proliferation rate
(PCC=0.77, P<1078, Figure 3c). This flux is distributed
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between both the cytosolic (SHMT1, PCC=0.77, P<107%,
Figure 3d) and the mitochondrial (SHMT2, PCC=0.64,
P<107®, Figure 3d) SHMTs. In slowly proliferating cells, the
produced glycine exceeds the biosynthetic needs of the cell
and it is excreted (Figure 3e), as previously reported.’ In
several highly proliferating cell lines, the glycine produced
from serine together with glycine imported from the media
are in part catabolized through the GC system, overall
resulting in a positive correlation between the GC flux and
the proliferation rate (PCC=0.41, P=0.00056, Figure 3f).
The THF consumed in the conversion of serine to glycine
and in the GC is produced through the one-carbon cycle,
with a concomitant generation of ATP, with a net median
MTHFD (MTHFD1+MTHFD1L) flux that increases with
the increasing proliferation rate (PCC=0.70, P<107°,



Figure 3g). However, we observe noticeable differences
between the cytosolic and mitochondrial cycles. In the
cytosol, MTHFD1 is predicted to work in the direction of THF
and ATP production (PCC=0.74, P<1078, Figure 3h),
whereas MTHFD1L is predicted to work in the opposite
direction in the mitochondria (PCC=0.73, P<107°,
Figure 3h). We also note that the MTHFD2 cyclohydrolase
activity contributes to the production of CHO-THF in the
mitochondria, at a magnitude that increases with the
increasing  proliferation rate (PCC=0.64, P<107°,
Figure 3i). In the case of GC (Figure 3f) and the MTHFD
net flux (Figure 3g) the predicted 90% confidence intervals
expand a wide range. Therefore, we cannot exclude the
possibility that for some atypical choice of kinetic para-
meters glycine is not catabolized or there is no ATP
production from the one-carbon cycle.
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Crosstalk with other metabolic pathways in tumor-
derived cell lines

Protein synthesis: Some SOG pathway intermediate meta-
bolites are precursors for biosynthetic processes. Serine,
glycine and methionine are required for protein synthesis. The
sum of imported serine and glycine are of the same amount as
is required for protein synthesis (data not shown), indicating
that additional serine synthesized from glucose fulfills a
different requirement. The serine synthesis rate from glucose
is actually higher than the serine import rate (Figure 4a). This
extra serine is converted to glycine (as discussed above,
Figure 3c), fueling the SOG pathway.

Glutamate— o-ketoglurate: In an intermediate step of serine
synthesis from 3-phosphoglycerate, the cytosolic transami-
nase PSAT converts glutamate to o-ketoglutarate, at a rate
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that is about half of the total net conversion of glutamate to
a-ketoglutarate (Figure 4b). This result is in agreement with
previous labeled-carbon trace experiments showing a
conversion of glutamate to «-ketoglutarate linked to serine
synthesis.®

ATP balance: The rate of ATP production by the cytosolic
MTHFD1 is comparable to that inferred for pyruvate kinase
(Figure 4c), indicating that the SOG pathway has a
significant contribution to ATP production in the cytosol.
In contrast, the mitochondrial MTHFD1L consumes ATP.
This consumption is balanced by the ATP production of ATP
synthase (Figure 4d).

NADPH balance: In the mitochondria, the NADP ™ -depen-
dent CH,-THF dehydrogenase activity of MTHFD2L con-
tributes to NADPH production in an amount comparable to
glutamate dehydrogenase (GLUD, Figure 4e). The overall
NADPH produced from the combined activities of MTHFD2L
and GLUD is balanced by the activity of nicotinamide
nucleotide transhydrogenase (NNT) in the direction of
NADPH oxidation (Figure 4f), with the concomitant translo-
cation of protons from the mitochondria to the cytosol (H ™",
Figure 1). These protons are translocated back from the
cytosol to the mitochondria by the ATP synthase activity, with
concomitant ATP production (Figures 1 and 4d). In the
cytosol, the NADP ™ -dependent CH,-THF dehydrogenase
activity of MTHFD1 contributes to NADPH production in an
amount comparable to that of glucose-6-phosphate dehy-
drogenase (G6PD, Figure 4g) and to the NADPH require-
ments of fatty acid synthase (FAS) (Figure 4h).

Purines, methionine and thymidylate: In the de novo path-
way of purine synthesis both ATIC and GART convert CHO-
THF to THF. The added rate of ATIC+ GART reaches
maximum values close to 0.02 pmol/pl/h (Figure 4i). These
values are comparable to the NADPH production rates that
also reach maximum values around 0.02pmol/pl/h
(Figure 4g). The ATIC+GART maximum rates are,
however, 10-fold lower than the maximal ATP production
rates from MTHFD1, which reach average values around
0.2 pmol/pl/h (Figure 4c). Although there is a non-zero rate of
thymidylate synthase (TYMS) and of methionine synthase
(MS), their values are relatively smaller than the reaction
rates described above (Figure 4i).

Treatment with methotrexate causes energy stress and
inhibits purine and fatty acid synthesis. The SOG path-
way contains reactions metabolizing folate derivatives and,
therefore, may be subject to inhibition by antifolates such as
methotrexate (Figure 1). A reduction in the concentration of
folate derivatives below the half-saturation constants of
enzymes in the one-carbon cycle would result in a decrease
of their rates. Methotrexate inhibits the activity of dihydrofo-
late reductase (DHFR, Figure 1), resulting in a decrease of
the THF pool. On the basis of these observations, we
hypothesized that treatment with methotrexate should inhibit
the predicted activities of the SOG pathway. To test this
hypothesis, we investigated the response of PC-3 cells to
treatment with methotrexate.

Cell Death and Disease

Treatment with methotrexate inhibits the proliferation of
PC-3 cells in a dose-dependent manner (Figure 5a).
At 100nM, a concentration above the ICsq for this cell line
(30 nM), we observe an initial phase of growth inhibition within
the first 24 h, followed by a cytotoxicity characterized by a
significant reduction of cell numbers (Figure 5a). We
hypothesized that the inhibition of the SOG pathway
ATP production may be a mechanism of growth inhibition in
the first 24 h following treatment. To test this hypothesis, we
measured changes in the levels of the adenine nucleotides
AMP, ADP and ATP. Four hours after treatment, there is a
significant decrease in the ATP levels relative to those at 2h
after treatment (Figure 5b, 4 h, P=0.0061). In contrast, at this
time point, there was a lesser decrease in the ADP levels
(Figure 5¢c, 4h, P=0.031) and no significant change in the
AMP levels (Figure 5d, 4 h, P=0.29). The drop in ATP levels
at 4 h, with no significant change in the AMP levels, resultsin a
higher AMP/ATP ratio (Figure 5f). An increase in the AMP/
ATP ratio is expected to activate the AMP kinase (AMPK), due
to both increased AMPK phosphorylation and the allosteric
activation by AMP itself.*® To investigate the activation of
AMPK, we measured the levels of AMPK phosphorylation as
well as phosphorylation of acetyl-CoA carboxylase (ACC), a
known AMPK target.*° The levels of phosphorylated AMPK
(pPAMPK) increase by threefold 2 h after treatment (Figures 59
and h). Similarly, with some time lag, we observe a threefold
increase of phosphorylated ACC (pACC) (Figures 5g and h).
Taken together, the drop in ATP levels and the increase of
pAMPK and pACC indicate energy stress as part of the initial
response (0—4 h) to methotrexate treatment.

Subsequently, at the 8-h time point, in addition to the ATP
levels (Figure 5b, 8h, P<107%), the ADP levels have
decreased significantly (Figure 5¢, 8 h, P=0.0087), whereas
the AMP levels have not changed significantly yet (Figure 5d,
8h, P=0.37). Finally, at 24 h, the levels of all nucleotides
have decreased significantly (Figures 5b—d, 8h; ATP,
P=0.00096; ADP, P=0.0011; AMP, P=0.031). This obser-
vation indicates the inhibition of adenine nucleotide synthesis
as part of the response to methotrexate at intermediate times
(8-24h).

Next, we performed targeted [1,2-'3C,]-D-glucose fate
association experiments to investigate changes in metabolic
fluxes. PC-3 cells were grown in a medium containing this
precise glucose tracer,*! untreated or treated with methotrex-
ate, and the concentration of different labeled metabolites
were measured 24 h after treatment (Figure 5i). There was no
substantial difference in the glucose consumption (treated/
untreated =0.93) and the medium '3C-lactate fraction
(treated/untreated = 0.96), indicating that there are no major
changes of the glycolysis rate. There is no substantial
difference in the released '°CO, fraction (treated/
untreated = 0.99) and only a marginal decrease in the media
3C-glutamate fraction in the culture medium (treated/
untreated =0.80, P=0.050), indicating that there are no
significant changes in the rate of OxPhos. We observe a 1.5-
fold decrease in the intracellular '*C-RNA-Ribose fraction
(P=0.050), which is consistent with the inhibition of purine
synthesis by methotrexate.***® We also observe a 2.1-fold
decrease in the intracellular '3C-palmitate fraction
(P=0.050). The reduction in palmitate synthesis could be
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explained by an inhibition of the NADPH production from
CH,-THF dehydrogenase activity of MTHFD1. The reduction
in palmitate synthesis is also consistent with the reported
increase in ACC phosphorylation following methotrexate
treatment. ACC is a key enzyme in fatty acid synthesis and
phosphorylation inhibits its enzymatic activity.

Coming back to the initial ATP depletion, we further note
that the ATP levels drop about 10 umol/g protein from 2 to 4
hours, indicating an unbalance between production and
consumption of ATP of about 5 umol/g protein/h. The targeted
trace experiments indicate that there are no significant
changes in the rate of glycolysis and OxPhos in treated
versus untreated PC-3 cells, ruling out the inhibition of these
two pathways as a cause of the ATP depletion. It is also
unlikely that the initial drop in ATP levels occurs solely due to a
decrease in purine synthesis. The rate of purine synthesis in
untreated PC-3 cell lines, as estimated from the rate of GART
or ATIC, is 1.4umol/g protein/h, that is, fivefold lower.
Furthermore, the levels of the other purines ADP and AMP
do not manifest a drop as pronounced as that for ATP in the
first 4 h. On the other hand, the estimated ATP production rate
from MTHFD1 in untreated PC-3 cells is 34 umol/g protein/h,

albeitwith an error bar of the same magnitude. Taken together
these data indicate that an inhibition of the ATP production by
MTHFD1, due to relative changes in the folate pool, is the
most likely cause of the initial drop in the ATP levels. In
contrast, the subsequent decrease in ATP levels has a slower
kinetics, decreasing about 5 umol/g protein from 4 to 24 h, that
is, at a rate of 0.25 umol/g protein/h. This decay is more likely
to be caused by the inhibition of purine synthesis, as both the
ATP and ADP concentrations manifest a similar decrease
within this time frame.

Discussion

The analysis of gene expression data across human cancers
indicates that the expression of genes coding for enzymes in
the SOG pathway is correlated with gene signatures of cell
proliferation and Myc target activation, as previously shown
in vitro."" Several genes in the SOG pathway are Myc targets
and their expression increases upon Myc activation in an
inducible Myc model of murine liver cancer.* The association
between SOG pathway activity and cell proliferation is further
supported at the level of metabolic fluxes of cancer cell lines
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grown in vitro. The estimated fluxes of serine synthesis from
glucose, serine import, serine conversion to glycine and
GC are all correlated with the proliferation rate of the cell lines
in the NCI60 panel. We have previously shown that sensitivity
to the antifolate methotrexate is associated with the
expression of the SOG pathway mitochondrial enzymes,
in vitro and in the treatment of acute lymphocytic leukemia
(ALL).** This observation is concordant with the correlation
between proliferation and the activity of the SOG pathway
and the known specificity of methotrexate against highly
proliferating cells.

The analysis of the inferred fluxes for the NCI60 panel of
tumor-derived cell lines indicates that the bulk of the SOG
pathway flux is directed to the ATP, NADPH and purine
requirements of biosynthesis. The contribution of folate
metabolism to purine synthesis has been studied exten-
sively.***® The contribution to ATP production supports our
previous theoretical prediction implicating the SOG pathway in
energy generation.’* Here, we also uncover the contribution of
this pathway to the NADPH requirements of cell proliferation, for
example, for fatty acid synthesis. We also observe that these
three major functions of the SOG pathway are inhibited by
treatment with the antifolate drug methotrexate. The inhibition of
ATP production is demonstrated by a fast initial decay in the
ATP levels. The inhibition of NADPH production is deduced
from a reduction in fatty acid synthesis from glucose. The
inhibition of purine synthesis is demonstrated by a reduction of
adenine nucleotide levels and of ribonucleotide synthesis from
glucose following methotrexate treatment.

The estimated SOG pathway flux in tumor-derived cell lines
differs from the standard view of the folate cycle:*® (i) The
exchange of carbon units between the cytosol and
the mitochondria takes place via the transport of serine,
glycine and formate through the mitochondrial membrane.
(i) The mitochondrial MTHFD1L converts CHO-THF into THF
with concomitant formate production. (iii) The cytosolic
MTHFD1 converts THF to CHO-THF consuming the formate
produced in the mitochondria. To our knowledge, there is no
definitive evidence supporting this view in human cells. The
best available data are L-[3-'3C]-serine and ['3C]-formate
tracer experiments using the breast cancer cell line MCF-7.4¢
When MCF-7 cells were grown on (L-[3-'3C]-serine), ([**C]-
formate), (L-[3-'2C]-serine, ['*C]-formate) and (L-[3-'3C]-
serine, ['2C]-formate), there was about 95%, 80%, 70% and
32% '3C-labeling of purines, respectively. These data have
been interpreted as formate being the major donor of one-
carbon units for purine synthesis in the cytosol and formate
being synthesized from serine in the mitochondria. However,
that data are also consistent with the folate cycle reported
here (Figure 1), where both serine and formate are trans-
ported to the mitochondria and donate one carbon to
CHO-THF, which is then transported to the cytosol where it
is utilized for purine synthesis. We note that the activity of the
mitochondrial folate transporter (MFT) is a key component of
the latter hypothesis. It has been shown that reduced folates
(e.g., THF and CHO-THF) can be transported across the
mitochondrial membrane and that this activity is in part
mediated by the MFT.*”*® However, this observation
has not been taken into account in the standard view of the
cytosol-mitochondria folate cycle. Further quantification of
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the labeled fractions of folate derivatives in the cytosol and
the mitochondria is therefore required to discriminate between
the standard view of the folate cycle and the alternative view
proposed here (Figure 1).

Materials and Methods

Microarray data and analyses. The breast cancer data set included 295
samples previously reported by van't Veer et al*® and van de Vijver et al*® The
prostate cancer data set was from 281 men with localized prostate cancers
previously reported by Shoner et al®" with gene expression measured using the
Human 6 k Transcriptionally Informative Gene Panel for DASL.%' Pooled analysis
of cancer data sets was carried out using the two data sets listed above and the
following data sets from the Gene Expression Omnibus (GEO) repository
(Accessed December 2011); colon cancer GSE17536, GSE14333 and
GSE20916; brain cancer GSE4271, GSE4290 and the NCI Rembrandt database;
lung cancer GSE31210, GSE11969 and GSE19188; and ovarian cancer
GSE9899 and GSE6008. Data collection and normalization are described in
Supplementary Methods. The SOG pathway signature is reported in the Results
section. The remaining gene signatures were obtained from: proliferation,®?
embryonic stem cell®® and Myc activation.>" The signature scores and statistical
significance were calculated as previously described.?*

Personalized metabolic models. Personalized metabolic models were
developed for each cell line in the NCIB0 panel, as described in Supplementary
Methods. The personalization included previously reported exchange fluxes,"
DNA content estimates based on previously reported karyotypes and the cell
volume. The cell volume of each NCI60-panel cell line was estimated using cell
size measurements obtained from Cellometer Auto T4 (Nexcelom Bioscience LLC,
Lawrence, MA, USA).>* The image cytometer utilizes a bright-field (BR) light
microscopy optical setup for image cytometric analysis. Each cell line was pipetted
into the disposable counting chamber and bright-field images were captured for
image analysis, where the system measured the pixel area of the cells and
converted the results to corresponding cell diameter. The image cytometer
operation and functionalities have been described previously.>®

Adenine nucleotide measurements. Methotrexate treatment: 1.5 x 10°
PC-3 cells were seeded in triplicate for each time point in 100 mm dishes overnight
in RPMI medium supplemented with 10% dialyzed FBS and placed in a 37 °C
incubator with 5% CO,. Twenty-four hours after seeding, culture media were
removed and replaced with media containing 100nM methotrexate or
methotrexate-free media and placed back into a 37 °C incubator. For collection
at each time point, the culture media was remove and the plate was washed three
times with cold Ca™ *, Mg ™ * and phenol red free HBSS (Gibco, Grand Island,
NY, USA). With the plate on ice, 0.5 ml of 0.6 N perchloric acid was added and the
plate was quickly scraped and collected into a microcentrifuge tube. The plate was
scraped again with another 0.5 ml of 0.6 N perchloric acid and both portions were
combined. Each sample was homogenized using a Polytron PT 1300 homogenizer
at 7000r.p.m. for 30's on ice. Samples were centrifuged at 13000 x g at 4 °C for
10m to pellet cell debris. The supernatant was transferred to a clean
microcentrifuge tube and stored at — 80 °C until analysis. Cell pellets were lysed
in 1.0ml 0.2N NaOH for protein assay using the Bradford method.

The quantification of intracellular adenine nucleotides was performed using a
fluorometric method as described.>” The cellular extracts and the standards (ATP,
ADP and AMP prepared in 0.6N perchloric acid) were neutralized with 0.8 ml
ice-cold Freon/trioctylamine (4 : 1, by vol). The neutralized nucleotide extract was
vortexed for 30 s, then centrifuged at 13000 x gfor5mat4 °C. The upper aqueous
layer was collected for derivatization of nucleotides into fluorescent 1,N®-etheno
derivatives. A 50 ul aliquot of nucleotide extract was mixed with 150 pl freshly
prepared mix of chloroacetaldehyde (50%), to acetate buffer (1M, pH4.5)
(11.2:138.8, v/v) in a 1.5ml microcentrifuge tube, mixed and then heated at
60 °C for 1 h. After the reaction, the tubes were placed on ice to stop the reaction.
The samples were diluted five times and 50 ul of the derivatized sample was used
for adenine nucleotide analysis and the results were expressed as pmol/g protein.

Quantification of adenine nucleotide was performed using a high-performance
liquid chromatographic system (Hitachi, Tokyo, Japan) equipped with an L-7200
autosampler tray maintained at about 8 °C, L-7100 pump and L-7480 fluorescence
detector with excitation and emission wavelengths set at 280 nm and 410 nm,
respectively. The samples and standards were analyzed using a Waters Sunfire



ODS column (5 um, 250 x 4.6 mm, Milford, MA, USA) at 30 °C, and the mobile
phase A: 30mM KH,PO, + 0.8 mM TBAP (tetrabutylammonium phosphate), pH
5.45; and B: acetonitrile/30 mM KH,PO, (1: 1, by vol.) + 0.8 mM TBAP, pH 7.0. The
analytes were separated using gradient elution at 1 mi/min.5” The identity of etheno-
adenine nucleotides was determined by comparing retention times to known
nucleotide standards. The retention times of adenine nucleotide derivatives AMP,
ADP and ATP were 11 min, 19 min and 21 min, respectively. The concentrations of
adenine nucleotides in the cells were calculated from the standard curve by linear
regression analysis.

AMPK activation. Twenty-four hours before methotrexate treatment,
75x10° PC-3 cells were seeded in six-well plates in RPMI medium
supplemented with 10% dialyzed FBS and incubated overnight at 37 °C in an
incubator with 5% CO,. At the time of treatment, culture media was remove and
replaced with fresh media containing 100 nM methotrexate or methotrexate-free
media and placed into a 37 °C incubator with 5% CO,. At the appropriate time
points, culture media was remove; cells were rinsed with PBS (Gibco) and scraped
into microcentrifuge tubes. After brief centrifugation, cell pellets were lysed in RIPA
buffer containing a commercial protease inhibitor mix (Roche, Nutley, NJ, USA)
and phosphatase inhibitor (50 mM sodium fluoride 10 mM sodium orthovanadate).
After protein quantification by the Bradford protein assay (Bio-Rad Laboratories,
Hercules, CA, USA), proteins were resolved by 10% SDS-PAGE and transferred
onto a nitrocellulose membrane (Bio-Rad Laboratories). After blocking the
membrane with 5% nonfat dry milk prepared in tris-buffered saline 4 0.1% Tween-
20, the membrane was incubated with the desired primary antibody according to
the manufacturer’s directions at 4 °C overnight. The membrane was washed in
tris-buffered saline + 0.1% Tween-20 and incubated for 2h at room temperature
with the appropriate peroxidase-conjugated secondary antibody. Bands were
visualized using an enhanced chemiluminescence kit (Pierce, Thermo Fisher
Scientific, Rockford, IL, USA). Anti-AMP-activated protein kinase (AMPK), anti-
Thr172 pAMPK, anti-acetyl-CoA-carboxylase (ACC), anti-Ser79 ACC and anti-
rabbit secondary were purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was purchased
from Millipore (Billerica, MA, USA) and anti-mouse secondary was purchased from
Santa Cruz Biotechnologies (Dallas, TX, USA).

Targeted tracer fate association study. PC-3 cells (2 x 10%) main-
tained in RPMI medium supplemented with 10% FBS were seeded into 100 mm
dishes in triplicate in glucose-free RPMI (Gibco) supplemented with 10% FBS
containing 3mM [1,2-"°C,]-D-glucose tracer and 3mM glucose (Sigma, St. Louis,
MO, USA), in the presence or absence of 100 mM methotrexate. Cells were
placed into a 37 °C incubator with 5% CO,. Cell pellets were collected after 24 h
for analysis. Briefly, culture media was remove, cells were rinsed with 37 °C PBS
and then 2ml 0.25% trypsin-EDTA was added for 3 min or until the cells detached.
Cells were spun at 1200 r.p.m. for 5 min. Cell pellets and supernatant (10 ml from
each cell line) were frozen at — 80 °C in 15ml tubes.

Flux rates were determined using SIDMAP’s tracer-substrate-based GC-MS
targeted tracer fate association EZTopolome platform.%® The analyses include
determining associations and their response to MTX treatment via correlations
among positional '°C tracer enrichment pattems in multiple intermediary
metabolites of glycolysis, glycogen synthesis, tricarboxylic acid cycle, citrate
shuttling, fatty acid de novo synthesis, chain elongation and desaturation,
gluconeogenesis, carbon exchange in the pentose cycle, glucose-6P-dehydrogen-
ase flux as well as complete glucose oxidation into "*CO,. The retention times and
mass-to-charge (m/z) ion clusters of selected ions of cells and culture media
metabolites were determined using mass isotopomer distribution analysis (MIDA)*®
expressed as net fluxes by subtracting reverse fluxes from forward tracer
incorporation patterns via reversible metabolic steps. Results are expressed as
peak area. Each experiment was carried out using triplicate cell cultures (a total of
12 samples). Mass spectroscopic analyses were carried out by three independent
automatic injections of 1 ul samples by the automatic sampler and accepted only if
the standard sample deviation were less than 1% of the normalized peak intensity.
For reversible carbon exchange reactions both forward and reverse fluxes were
determined and used to calculate net fluxes toward product synthesis.
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